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Abstract 


Peripheral nervous system (PNS) is the most important system of the body that controls a wide range of organs and 
functions. When accidentally injured, PNS has long term consequences. Despite of the various surgical treatments, fully 
functional recovery is impossible and often results in some deficiency. Recent advances in stem cell technology have enabled 
to recover the full functional peripheral nervous injuries. Different stem cells have the potential to differentiate into 
“Schwann Cells”. Schwann cells have great importance in peripheral nerve regeneration because it provides a good media for 
axon migration and also important in the release of neurotrophic factors which enhances nerve growth. Use of autologous 
stem cells reduces immunogenic reactions. Nerve regeneration using the different types of stem cells has been briefly 


discussed in this review. 
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INTRODUCTION 


| eee nerves are essential connections between 


the central nervous system and muscles, autonomic 
structures and sensory organs. Injuries to the peripheral 
nervous system are common and results in functional 
deficits which has a long term penalties. Acute nerve 
injury reports can be traced back up to 3500 years ago in 
biblical story. The use of suture and agglutination to 
repair nerves was first reported by Paulus Aegineta in the 
seventh century. Technique of suturing stumps of 
transected nerve was described by Gabriele Ferrara, 
pioneer of peripheral nerve surgery. For the 
improvement or repair of peripheral nervous system 
different strategies have been developed including 
therapeutic approaches e.g. nerve end-to-end suturing, 
fascicular suturing, nerve grafts, nerve conduits,” the 
use of fibrin glue, peripheral nerve allografts, 
polyethylene tubes, collagen chambers, silicone 
chambers,'”! basal lamina scaffolds, principles of artificial 
sensory function, gene technology, gangliosides, 
implantation of microchips, hormones, electromagnetic 
fields and hyperbaric oxygenation 
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(HBO).""! Regardless of remarkable advances in the 
microsurgical care, modifications of the surgical 
techniques greatly improve the functional outcomes of 
nerve injuries; testing of a cellulat/ tissue bioengineering 
strategy is desirable.'*! Cell transplantation therapy has 
been shown to exert a beneficial effect on the peripheral 
nerve regeneration, and thus had been proposed as a new 
approach for the peripheral nerve regeneration. Different 
types of cells are used for the peripheral nerve 
regeneration but most important of which are the 
multipotent precursor or stem cells. 

Multipotent precursor or stem cells are able to 
differentiate into myelinating cells, which support the 
nerve fibre regrowth, and can be used for nerve 
regeneration.'"! Stem cells transplantation has been used 
as a replacement therapy for central nervous system 
degenerative diseases.'! Stem cells can be engineered to 
deliver appropriate support to the intrinsic cells in a 
diseased organ system." Different types of stem cells, 
Schwann cells, embryonic stem cells, neuronal stem 
cells, bone marrow mesenchymal stem cells (MSCs), '*! 
bone marrow stromal stem cells (BMSCs) and CD133+ 
cells.!°'"! Although there are serious ethical and technical 
problems associated with the use of these cells.''” In this 
review paper the importance of stem cells in the 
peripheral nerve regeneration have been discussed. 
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Schwann cells 


Schwann cells are peripheral glial cells that form 
the myelin of the peripheral nervous system (PNS) and 
have a major role in neuronal function including saltatory 
conduction. Schwann cells also have an essential role in 
the degeneration and regeneration of axons. In Wallerian 
degeneration, myelin is degraded and Schwann cells are 
activated which proliferate to produce a variety of 
neurotrophic factors, cytokines, and cell adhesion 
molecules, thereby providing a pathway for regenerating 
axons.'*! A series of reactions are involved in the 
peripheral nerve regeneration which are mainly activated 
by Schwann cells so that the axon of the proximal nerve 
stump grow through the distal stump in close contact with 
the Schwann cell bands. Because of these integrated 
functions nerve regeneration can be induced and the 
reinnervated Schwann cells can revert to axon-associated 
phenotype.''*! Biphasic electric current (BEC) enhanced 
the functional activity of Schwann cells via the induction 
of neurotrophic factor release and guide-increased axonal 
outgrowth in vivo.''*! Functional Schwann cells and 
neurons were specifically induced from bone marrow 
stromal cells (MSCs) and their effectiveness was 
evaluated by grafting them into peripheral nerve injury, 


spinal cord injury, or Parkinsons disease animal models. 
BMSCs-derived Schwann cells supported axonal 
regeneration and re-constructed myelin to facilitate the 
functional recovery in peripheral and spinal cord 
injury."*'®! Wharton's jelly-derived mesenchymal stem 
cells (WJMSCs) can be differentiated into cells that are 
Schwann-like in terms of morphologic features, 
phenotype, and function and could be suitable Schwann- 
cell substitutes for nerve repair in clinical applications.!'7! 
Induced Schwann cells are a valuable candidate source 
for cell therapy in peripheral nerve injury. Auto 
transplantation of MSC-derived Schwann cells is safe and 
effective for accelerating the regeneration of transected 
axons, functional recovery of injured nerves and spinal 
cord injury.''*! Schwann cells produce several types of 
neurotrophic factors such as NGF, BDNF, neurotrophin-3 
(NT-3), neurotrophin-4/5 (NT-4/5), CNTF, TGF-1b, b-2, 
and -b3, and bFGF. Schwann cells also produce 
extracellular matrices which includes fibronectin, 
laminin, tenascin-C, type IV and VI collagen, heparin 
sulfate, chondroitin sulfate proteoglycans, and entactin 
119.2021] and present with adhesion molecules such as 
NCAM, LI, and N-cadherin. These neurotrophic factors 
and extracellular matrices along with adhesion molecules 
help in the early peripheral nerve regeneration. But due to 
the limited availibility, prolonged expansion time in vitro, 
immunoreaction of allogenic Schwan cells hinders 
clinical use of these cells. 


Embryonic stem cells 


Embryonic stem (ES) cells are the stem cell 
derived from the embryo. They can be maintained in vitro 
without any apparent loss of differentiation potential. 
These pluripotent cells can differentiate into virtually any 
cell lineage, including germ line, neurons, and non- 
neuronal nervous system cells.'7! When compared with 
Schwann cells, ES cells proliferate actively; the doubling 
times of human and mouse ES cells are only 30-35 hours 
and 12-15 hours, respectively. Transplantation of 
neurally induced ES cells differentiates into myelin- 
forming cells and provides a potential therapy for 
severely injured peripheral nerves. ES cell-derived neural 
progenitor cells (ES-NPCs) transplantation into the 
severely injured peripheral nerve could promote axonal 
regeneration, remyelination, and functional recovery.!”! 
Human embryonic stem cells (hESC)-derived PA6- 
induced NSP (neurospheres) cells are also an excellent 
potential source of human peripheral sensory neuron-like 
cells (PSN) for study of differentiation and modeling of 
PNS  disease.'“! Embryonic stem cells have been 
successfully used for the regeneration of nerve injuries 
but the main drawback being some what difficult to 
obtain. **! 


Bone marrow stromal cells (BMSCs) 


Bone marrow stromal cells (BMSCs) are 
multipotential stem cells that under _ specific 
environmental condition differentiate into different types 
of cells, for example, osteoblasts, adipocytes and 
chondrocytes.”! BMSCs comprise of a heterogeneous 
population of cells, which includes those with small 
rounded, large flattened and fibroblast-like morphology, 
with distinct plasticity and characterization °* *°!, BMSCs 
also differentiate into myelinating cells, for example 
Schwann cells, which are capable of supporting nerve 
fibre regeneration.'"! Human BMSCs can be used as a 
substitute for Schwann cells that may be applied for nerve 
regeneration.'”” A population of HSCs with in the human 
bone marrow has neurogenic potential and is capable of 
differentiating into neurons when placed under 
appropriate environmental condition.'**! Bone marrow 
stromal cells (BMSCs) can be induced to form Schwann 
cells by sequentially treating the cells with beta- 
mercaptoethanol and retinoic acid, followed by forskolin 
and neurotrophic factors including heregulin. BMSC- 
DSCs have great potential to promote regeneration of 
peripheral nerves. The artificial graft made with BMSC- 
DSCs represents an alternative method for the difficult 
reconstruction of a long distance gap in a peripheral nerve 
(5 BMSCs have the advantage of being easily accessible 
through aspiration of the bone marrow from patients 
without serious ethical problems, and can be readily 
expanded in large scale for 
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Autotransplantation.”! Regeneration of transected 


axons and functional recovery of injured nerves is 
accelerated in auto-cell therapy by using BMSC- 
derived Schwann cells.!!*! 


Bone marrow mesenchymal cells (MSCs) 


Bone marrow MSCs are relatively available from 
noninvasive and autologous harvest method and are the 
most promising choice in most clinical nerve injuries. 
They have been widely used with artificial conduits and 
acellular grafts to improve — electrophysiological, 
morphometric, and/or behavioral recovery outcomes '”!. 
Human mesenchymal stromal cells (hMSC) promote 
tissue repair, by local differentiation to replace lost cell 
types, by production of growth factors that may support 
remyelination of demyelinated axons, recruiting 
endogenous progenitor cells and by the generation of 
neoangiogensis, so it is clear that undifferentiated hMSC 
are capable of supporting and directing axon growth. The 
availability of such a versatile population of autologous 
donor cells demonstrates their potential for promoting 
repair after CNS or PNS injury.” Clinically approved 
Gd-DTPA together with — fluorescence-conjugated 
transfection reagent can be successfully used for MSCs 
labeling, by which the distribution and migration of the 
labeled MSCs could be tracked in vivo by MRI in a 
relatively short-term period after transplantation into 
peripheral nerves with acute traction injury.'*! 


CD133+ cells 


CD133+ cells are easily purified from 
peripheral blood and possible autologous candidate for 
peripheral nerve injuries. These cells have potential for 
enhancement of histological and functional recovery 
from peripheral nerve injury.''°! CD133+ cells derived 
from cord blood are able to differentiate into neural 
cells in vitro.?"! 


Neurotrophic factors 


Neurotrophins can stimulate neuronal survival, 
function and axonal growth. They also’ enhance 
regeneration of peripheral and central nervous system 
after injury ”!, Neurotrophic factors that are expressed 
after nerve injury are important for neuronal survival, and 
may also be important for axonal regeneration |"), 
Neurotrophic factors and extracellular matrix proteins 
promote early peripheral nerve regeneration, particularly 
regeneration of long nerve defect.'*! Several types of 
neurotrophic factors are necessary for the nervous system 
development which influence differentiation, support cell 
survival, and stimulate neurite outgrowth. These 
neurotrophic factors include nerve growth factor (NGF), 
fibroblast growth factor (FGF) and glial cell line — derived 
neurotrophic (GDNF),""! BDNF, neurotrophin-3 (NT-3), 


neurotrophin-4/5 (NT-4/5), CNTF, TGF-1b, b-2, and - 
b3 and bFGF."'®! Long term administration of lowdoses 
of neurotrophic factors, such as GDNF and BDNF can 
promote axonal regeneration of chronically axotomized 
motoneurons, thus improving the poor functional 
recovery after traumatic peripheral nerve injury.'**! 
Vascular endothelial growth factor, an angiogenic 
factor, was thought to act on the blood vessel 
endothelium only, but recently it was shown to have a 
direct action on Schwann cells, neurons, and neural 
progenitor cells.°°! MSCs _ differentiation into 
myelinating cells was effectively induced by the 
sequential administration of various factors BME, RA, 
followed by a mixture of FSK, bFGF, PDGF and HRG, 
thus support the regeneration of nerve fibers.'! The 
administration of neurotrophic factors and/or 
extracellular matrix proteins can promote early 
peripheral nerve regeneration, particularly for the 
regeneration of long nerve defect.'**! The addition of 
fibronectin to alginate hydrogel matrix contributed to 
improve nerve regeneration, supporting SC viability 
and augmenting their effect on axonal growth when 
transplanted in a bioengineered nerve conduit.!°7! 


REFERENCES 


1. Cuauhtemoc E: Hyperbaric oxygenation in 
peripheral nerve repair and regeneration. Neurol 
Res., 2007, 29: 184-198. 

2. Chen CJ, Ou YC, Liao SL, Chen WY, Chen SY, 
Wu CW, Wang CC, Wang WY, Huang YS, Hsu SH 
:Transplantation of bone marrow stromal cells for 
peripheral nerve repair. Exp Neurol., 2007, 204: 
443-453. 

3. Jubran M, Widenfalk J: Repair of peripheral nerve 
transections with fibrin sealant containing 
neurotrophic factors. Experimental Neurol., 2003, 
181: 204-212. 

4. Hood B, Levene HB, Levi AD: Transplantation of 
autologous Schwann cells for the repair of 
segmental peripheral nerve defects. Neurosurg 
Focus., 2009, 26:E4. 

5. Dezawa M, Takahashi I, Esaki M, Takano M, 
Sawada H: Sciatic nerve regeneration in rats 
induced by transplantation of in vitro differentiated 
bone-marrow stromal cells. European Journal of 
Neurosci., 2001,14:1771-1776. 

6. Martinez-Serrano A, Rubio FJ, Navarro B, Bueno 
C, Villa A: Human neural stem and progenitor 
cells: in vitro and in vivo properties, and potential 
for gene therapy and cell replacement in the CNS. 
Curr Gene Ther., 2001, 1: 279-— 299. 


Asian J Med Res |Jan-Mar 2012 | Vol-1 | Issue-1 


7. Castellanos DA, Tsoulfas P, Frydel BR, Gajavelli S, 
Bes JC, Sagen J : TrkC overexpression enhances 
survival and migration of neural stem cell transplants 
in the rat spinal cord. Cell Transplant., 2002, 11 : 
297-307. 

8. Shen J, Duan X, Cheng L, Zhong X, Guo R, Zhang 
F, Zhou C, and Liang B: In Vivo MR Imaging 
Tracking of Transplanted Mesenchymal Stem Cells 
in a Rabbit Model of Acute Peripheral Nerve 
Traction Injury. J Magnetic Resonance Imaging. 
2010, 32:1076—1085. 


9. Prockop DJ: Marrow stromal cells as stem cells for 
nonhematopoietic tissues. Science. 1997, 276: 71- 
74. 

10.Kijima Y, Ishikawa M, Sunagawa T, Nakanishi K, 
Kamei N, Yamada K, Tanaka N, Kawamata S, 
Asahara T, and Ochi M: Regeneration of peripheral 
nerve after transplantation of CD133+ cells derived 
from human peripheral blood. J Neurosurg., 2009, 
110: 4. 

11.Murakami T, Fujimoto Y, Yasunaga Y, Ishida O, 
Tanaka N, Ikuta Y, Ochi M: Transplanted neuronal 
progenitor cells in a peripheral nerve gap promote 
nerve repair. Brain Res., 2003, 974:17-24. 

12.Radtke C, Vogt PM: Peripheral nerve regeneration: a 
current perspective. Eplasty. 2009, 9: e47. 

13.Mimura T, Dezawa M, Kanno H, Sawada H, 
Yamamoto I: Peripheral nerve regeneration by 
transplantation of bone marrow stromal cell- 
derived Schwann cells in adult rats. J. Neurosurg., 
2004, 101: 806-812. 


14.Kim IS, Song YM, Cho TH, Pan H, Lee TH, Kim 
SJ, Kim SJ: Biphasic Electrical Targeting Plays a 
Significant Role in Schwann cell Activation. Tissue 
Eng Part A., 2011. [Epub ahead of print]. 

15.Kitada M, Dezawa M: [Neural repair]. Nippon 
Rinsho., 2008, 66(5): 921-5. 

16.Ishikawa N, Suzuki Y, Dezawa M, Kataoka K, Ohta 
M, Cho H, Ide C: Peripheral nerve regeneration by 
transplantation of BMSC-derived Schwann cells as 
chitosan gel sponge scaffolds. J Biomedical 
Materials Res Part A., 2008. 

17.Peng J, Wang Y, Zhang L, Zhao B, Zhao Z, Chen J 
F, Guo QY, Liu SY, Sui X, Xu WJ, Lu SB: Human 
umbilicalcordWharton'sjelly-der 
i v ed mesenchymal stem cells differentiate into a 
Schwann-cell phenotype and promote neurite 
outgrowth in vitro. Brain Res Bulletin. 2011, xxx- 
XXX, 

18.Wakao S, Hayashi T, Kitada M, Kohama M, Matsue 


D, Teramoto N, Ose T, Itokazu Y, Koshino K, 
Watabe H, lida H, Takamoto T, Tabata Y, Dezawa 
M: Long-term observation of auto-cell transplantation 
in non-human primate reveals safety and efficiency of 
bone marrow stromal cell-derived Schwann cells in 
peripheral nerve regeneration. Experimental Neurol., 
2010, 223: 537-547. 

19.Bunge MB: Schwann cell _ regulation of 
extracellular matrix biosynthesis and assembly. In: 
Dyck PJ, Thomas PK, Griffin J, Low PA, Poduslo 
JF, editors. Peripheral Neuropathy. W. B. Saunders 
: Philadelphia; 1992, 299-316. 

20.Agius E, Cochard P: Comparison of neurite 
outgrowth induced by intact and injured sciatic 
nerves: A confocal and functional analysis. J 
Neurosci., 1998, 18:328-338. 

21.Tomaselli KJ, Doherty P, Emmett CJ, Damsky CH, 
Walsh FS, Reichardt LF: Expression of b1 integrins 
in sensory neurons of the dorsal root ganglion and 
their functions in neurite outgrowth on two laminin 
isoforms. J Neurosci.,1993, 13: 4880— 4888. 

22.Little MH: Regrow’ or Repair: Potential 
Regenerative Therapies for the Kidney. J American 
Society of Nephrol., 2006,17: 2390-2401. 

23.Cui L, Jiang J, Wei L, Zhou X, Fraser JL, Snider 
BJ, Yu SP: Transplantation of embryonic stem 
cells improves nerve repair and functional recovery 
after severe sciatic nerve axotomy in rats. Stem 
Cells., 2008, 26:1356—1365. 

24.Pomp O, Brokhmana I, Zieglera L, Almoga M, 
Korngreena A, Tavianb M, Goldsteina RS: PA6- 
induced human embryonic stem cell-derived 
neurospheres: a new source of human peripheral 
sensory neurons and neural crest cells. Brain Res., 
2008, 1230: 50-60. 

25.Sanchez-Ramos J, Song S, Cardozo-Pelaez F, Hazzi 
C, Stedeford T, Willing A, Freeman TB, Saporta S, 
Janssen W, Patel N, Cooper DR, Sanberg PR: Adult 
bone marrow stromal cells differentiate into neural 
cells in vitro. Exp Neurol., 2000, 164: 247-256. 

26.Hudson JE, Chen N, Song S, Walczak P, Jendelova 
P, Sykova E, Willing AE, Saporta S, Bickford P, 
Sanchez-Ramos J, Zigova T: Green fluorescent 
protein bone marrow cells express hematopoietic 
and neural antigens in culture and migrate within 
the neonatal rat brain. J Neurosci Res., 2004, 76: 
255-264. 

27.Shimizu S, Kitada M, Ishikawa H, Itokazu Y, Wakao 
S, Dezawa M: Peripheral nerve regeneration by the in 
vitro differentiated-human bone marrow stromal cells 
with Schwann cell property. Biochemical and 


Biophysical Research Communications. 2007, 359: 
915-920. 
28.Sigurjonsson OE, Perreault M, Egeland T, and 
Glover JC: Adult human hematopoietic stem cells 
produce neurons efficiently in the regenerating 
chicken embryo spinal cord. PNAS., 2005, 
102(14): 5227-52372. 
29.Walsh S, Midha R: Practical considerations 
concerning the use of stem cells for peripheral 
nerve repair. Neurosurg Focus., 2009, 26: E2. 
30.Fiihrmanna T, Montzkaa K, Hillena LM, Hoddea D, 
Dreiera A, Bozkurtb A, Wéltjec M, Brooka GA : 
Axon growth-promoting properties of human bone 
marrow mesenchymal stromal cells. Neuroscience 
Letters. 2010, 474: 37-41. 
31.Tondreau T, Meuleman N, Delforge A, Dejeneffe 
M, Leroy R, Massy M, et al: Mesenchymal stem 
cells derived from CD133-positive cells in 
mobilized peripheral blood and cord _ blood: 
proliferation, Oct4 expression, and plasticity. Stem 
Cells., 2005, 23: 1105-1112. 
32.Blescha A and Tuszynskia M H: Neurotrophic Factor 
Therapy: NGF, BDNF and NT-3. Encyclopedia of 
Neurosci., 2009, 1093-1100. 
33.Meyer M, Tatsuoka I, Wetmore C, and Olson L, 
Thoenen H: Enhanced synthesis of brain derived 
neurotrophic factor in the lesioned peripheral nerve: 
different mechanisms are responsible for the regulation 
of BDNF and NGF mRNA. J Cell Biol.,1992, 119: 45— 
54. 
34.Lee AC, Yu VM, Lowe JB, Brenner MJ, Hunter DA, 
Mackinnon SE, Sakiyama-Elbert SE: Controlled release 
of nerve growth factor enhances sciatic nerve 
regeneration. Exp. Neurol., 2003, 184: 295-303. 
35.Boyda JG and Gordonb T: Glial cell line-derived 
neurotrophic factor and brain-derived neurotrophic 
factor sustain the axonal regeneration of chronically 
axotomized motoneurons in vivo. Exp Neurol. 2003, 
183: 610-619. 
36.Rosenstein JM, Krum JM: New roles for VEGF in 
nervous tissue— beyond blood vessels. Exp Neurol., 
2004, 187: 246-253. 
37.Mosahebi A, Wiberg M, Terenghi G: Addition of 
Fibronectin to Alginate Matrix Improves Peripheral 
Nerve Regeneration in Tissue-Engineered Conduits., 
2003, 9(2): 209-218. 


